Using parallaxes from Gaia DR2, we estimate the distance to the globular clusters 47 Tuc and NGC 362, taking advantage of the background stars in the Small Magellanic Cloud and quasars to account for various parallax systematics. We found the parallax to be dependent on the Gaia DR2 G-band apparent magnitude for stars with 13 < G < 18, where brighter stars have a lower parallax zero point than fainter stars. The distance to 47 Tuc was found to be 4.45 ± 0.01 ± 0.12 kpc, and for NGC 362 8.54 ± 0.20 ± 0.44 kpc with random and systematic errors listed respectively. This is the first time a precise distance measurement directly using parallaxes has been determined for either of these two globular clusters.
significant when determining the distance to 47 Tuc and NGC 362.
Globally, the parallax zero point was found by Lindegren et al. (2018) to be −0.029 mas, in the sense that Gaia parallaxes are too small. However, adding a global zero point to the data is insufficient as the zero point depends on the position on the sky. It can vary by as much as 0.1 mas globally and 0.04 mas on intermediate (< 20 deg) scales and small (< 1 deg) scales (Luri et al. 2018) . Lindegren et al. (2018) also found a possible dependence on colour and magnitude which can cause variations of 0.02 mas.
Fainter objects tend to have a much larger uncertainty in measured parallax. Since quasars tend to be fainter, this makes using them to account for all of these spatial parallax systematics difficult.
As there is only a small number of quasars behind 47 Tuc and NGC 362, quasars are insufficient to account for small-scale parallax zero point variations; thus, we employ the SMC stars behind the clusters to account for these systematics.
The basic premise of this paper is to find the distance to 47 Tucance and NGC 362 by using quasars to account for the intermediate scale parallax systematics, and the SMC stars behind each cluster to Distance to 47 Tuc and NGC 362 3 account for the small-scale parallax systematics, and to further investigate the colour and magnitude dependent parallax systematics to obtain a precise distance estimate to 47 Tuc and NGC 362 using trigonometric parallax.
2. DATA
Selecting SMC and Quasars
For the SMC to quasar comparison, a circular field of 5 degrees in radius was taken around the SMC. Quasars were identified from a cross match with the ALLWISE catalog (Secrest et al. 2015) found on the Gaia archive (gaiadr2.allwise best neighbour) (Gaia Collaboration et al. 2018) . SMC stars were chosen by a proper motion selection; furthermore, only stars with G-band apparent magnitude (G-mag) brighter than 19 were used, as fainter stars have a much larger parallax spread.
Finally, a 5σ parallax error cut was applied to both SMC stars and quasars, where σ is the standard deviation of the parallax distribution. The centre of each proper motion circle was found by fitting two Lorentzian peaks in proper motion in RA and Dec, and the radius was taken to be twice the peak's half maximum width. See Appendix A, figure 6 for peak fit. Figure 2 . Colour magnitude diagrams for cluster and SMC stars after the proper motion selection was applied. 47 Tuc and NGC 362 are in green, and the SMC is in blue. The selected stars with the same mean G-mag used in the subsequent analysis is shown by the red boxes. The red dots show the mean Gaia DR2 G BP − G RP colour and G-mag of each selection.
Selecting 47 Tucane, NGC 362 and SMC Stars
For 47 Tuc, NGC 362, and the SMC stars behind each cluster, the following cuts were applied to obtain the selections used for the analysis. First, for 47 Tuc, stars within one degree of the centre of the cluster were selected. For NGC 362, only stars within 0.3 degrees of the centre were selected. Second, for both clusters, a proper motion cut was applied to separate cluster stars from SMC stars (see figure 1 ). To avoid magnitude dependent systematics, stellar selections were chosen to have the same mean G-band apparent magnitude (see figure 2) . Finally a 3σ cut in parallax was applied to remove outliers in each sample.
3. COLOUR AND MAGNITUDE SYSTEMATICS Lindegren et al. (2018) found that the parallax zero point appeared to vary depending on colour and magnitude. We chose our selection of cluster stars and SMC stars to have the same magnitude to avoid this possible systematic. However, as these selections do not have the same average colour, we further investigate the possible zero point dependence on colour and magnitude.
Distance to 47 Tuc and NGC 362 G G G Figure 3 . The parallax as a function of G-band apparent magnitude for the five-degree selection of SMC stars, LMC stars, and all quasars over the entire sky matched to the ALLWISE catalog. The running mean is shown in red, and 2σ uncertainty shown in cyan. For 13 < G < 19, the running mean was fit to a line, with slopes from left to right respectively being 0.00779 ± 0.00027, 0.00399 ± 0.00015, and 0.00545 ± 0.00051 mas/G-mag.
In figure 3 , we present a plot of parallax vs G-band apparent magnitude for quasars in the ALLWISE catalog (c.f. Lindegren et al. 2018) , and did the same for the SMC and the Large Magellanic Cloud (LMC). The LMC data were selected in the same manner as the SMC data in section 2. All three plots show the same trend of brighter stars having a lower parallax zero point.
The linear trend for G-mag vs parallax only appears for stars with G < 18. The average magnitude of our five-degree SMC selection used to determine the SMC parallax (π smc ) is 17.9 in G-mag, and the quasars are even fainter. Thus we concluded that the magnitude dependent systematic in calculating π smc is insignificant. As we chose our selection of 47 Tuc stars and NGC 362 stars to have the same average G-mag as the SMC selection behind each cluster, the magnitude dependence does not affect our results. See appendix B for further discussion of the magnitude-parallax systematic for selections that do not have the same G-mag.
When plotting parallax vs G BP − G RP colour, there initially appeared to be a trend for the SMC (see figure 4 ). This can partially be explained by the red giant branch of the SMC where stars tend to get redder as they get brighter. When the parallax dependence on magnitude was accounted for, the section between 1 and 1.5 in colour no longer has a downward trend. When applying this correction to the LMC and quasar selection, it is unclear as to whether applying the magnitude correction eliminates the possibility of the parallax being dependent on colour. However these effects appear to be minimal between 0.5 and 1.5 in G BP − G RP colour, thus we do not account for it in our final result. Assuming uniform small-scale variations across the one-degree 47 Tuc selection, the weighted mean over our SMC selection can be subtracted from the weighted mean over our 47 Tuc selection to get
However, as the distribution of SMC stars behind 47 Tuc is non-uniform (see figure 5), this could introduce systematic errors. To account for non uniform small scale parallax zero point variations we use a pairwise method. Letπ 
Adding the value of π smc found previously, we find π 47 and thus the distance to 47 Tuc.
One issue with the pairwise method is that it could double-count SMC stars. Another method to account for a small scale parallax zero point is to divide the selection into squares and subtract the weighted mean of SMC and 47 Tuc parallaxes in each square, then take a weighted mean over all the squares to get π 47 − π smc .
Applying the above three different methods to NGC 362 stars instead of 47 Tuc stars gives us estimates for π 362 , and the distance to NGC 362.
5. RESULTS
SMC and Quasars
The weighted average of the SMC parallax was found to be −0.0059±0.0001 mas and for the quasars was −0.0251 ± 0.0060 mas. The difference gives π smc = 0.0192 ± 0.0060 mas which corresponds to a distance of 52 +23 −12 kpc.
47 Tucane
In the pairwise analysis, we used a search radius of 0.1 deg around each 47 Tuc star, where the mean parallax of all SMC stars within 0.1 deg of each 47 Tuc star was subtracted from the parallax of that 47 Tuc star. Using search radii from 0.02 to 0.1 deg all gave results which agreed within 3σ
error (see appendix A, figure 7 ).
For the third method of dividing the selection into squares and subtracting the average SMC and 47 Tuc parallaxes in each square, we used 16 squares of 0.15 deg on a side. The following results shown in Table 1 , and numbers quoted in the remainder of the paper, are listed with random and Distance to 47 Tuc and NGC 362 9 systematic errors listed respectively (where the systematic errors result from the uncertainties in the parallax of the SMC and the zero points). 
NGC 362
Repeating the processes used for 47 Tuc on NGC 362, we derive the results shown in Table 2 .
For the pairwise method we again used a search radius of 0.1 degree around each NCG 362 star.
For squares, we divided the sample into 16 squares of 0.1 deg on a side since the sample was much smaller.
6. DISCUSSION
SMC parallax
An SMC parallax of π smc = 0.0192 ± 0.006 mas corresponding to a distance of 52
+23
−12 kpc agrees within 1σ with the distance estimate of 62.1 ± 1.9 kpc given by Graczyk et al. (2014) . The large uncertainty in our estimate is primarily due to the parallax spread of the quasars. While our result agrees with the literature values, it is not a particularly insightful result and serves primarily as a way to continue onto the distance determination of 47 Tuc and NGC 362 using parallax measurements.
Using the SMC distance from Graczyk et al. (2014) to calculate the distances to 47 Tuc and NGC 362
gives distances of 4.51 ± 0.02 kpc and 8.76 ± 0.22 kpc respectively, with random and systematic errors combined. This does shift our values to slightly further distances, however they are still well within 1σ of our model independent values determined directly with parallax.
Comparison with Literature Values
Our result for 47 Tuc, 4.45±0.01±0.12 kpc, is close to average for 47 Tuc distance estimates, which range between 4.29 ± 0.47 kpc (estimated kinematically by Heyl et al. (2017) 
Cluster Properties
From our parallax measurements, the difference in distance moduli between NGC 362 and 47 Tuc is 1.415 ± 0.048. From the CMDs, using Gaia photometry, we get a mean difference of 1.446 ± 0.004 in magnitude between the red horizontal branch stars of NGC 362 and 47 Tuc. These values agree within 1σ and thus we cannot see significant metallicity effects on the red horizontal stars branch from this comparison. In any case, our distance uncertainties are too large to probe the modest differences in the magnitudes of RR Lyrae stars expected from theoretical models (Marconi et al. 2015) over the metaliticity range spanned by 47 Tuc and NGC 362.
Our distances will have a direct impact on calculating the absolute cluster age. Our somewhat larger distance modulus for NGC 362 compared with the RR Lyrae distance from Szekely et al. (2007) , for example, suggests a more luminous turnoff magnitude and hence a slightly younger age for the cluster.
CONCLUSIONS
In deriving distances to the globular clusters 47 Tuc and NGC 362, we needed to account for the spatial and magnitude dependent parallax systematics in Gaia DR2. To accomplish this we did the following three things: The parallax zero point was not significantly dependent on colour for stars between 0.5 and 1.5 in G BP − G RP colour which the majority of stars in our selections lie between. This is not to say that the parallax zero point is entirely independent of colour, further investigation into a possible colour dependence would be needed for such a statement.
This yields the distance estimate of 4.45 ± 0.01 ± 0.12 kpc for 47 Tuc and 8.54 ± 0.20 ± 0.44 kpc for NGC 362, with random and systematic errors quoted respectively. This is currently the most precise distance determination to NGC 362 available. While our estimate for 47 Tuc is not more precise than some previous estimates, it is comparable in precision and not model dependent.
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B. METHOD TO ACCOUNT FOR MAGNITUDE DEPENDENT PARALLAX SYSTEMATICS
We originally chose 47 Tuc and SMC stars that did not have the same G-mag as shown in Figure 9 and then corrected for the difference in magnitude with the slope of the parallax against G-mag. However, when parallax vs G mag in Figure 3 was fit to a line, the slopes of the three fits did not agree with each other. We then used the slope from the quasar line of best fit of 0.0054 mas/Gmag and estimated a larger error in slope of 0.0025 mas/G-mag when accounting for the parallaxmagnitude systematic. Then by subtracting the average G-mag from the foreground cluster and the SMC and multiplying by the slope of 0.0054 mas/G-mag, we found the adjusted results for the distances to 47 Tuc and NGC 362 in tables 3 and 4.
The magnitude-parallax adjusted results then agree with the results previously found when using selections with the same G-mag. Due to the uncertainties introduced from correcting for the difference in apparent magnitudes, using selections of the same G-mag results in lower systematic errors and thus a more precise result. Additionally, using selections with the same G-mag results in the three methods being in better agreement for π 47 − π smc , suggesting that using star selections of different G-mag can lead to inconsistencies between methods. However, selecting stars of the same apparent magnitude may not always be a possibility, thus it is important to correct for the magnitude-parallax systematic in such a case.
